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Abstract 
This paper presents an environmental assessment of three scenarios postulating a national deployment of the 
Carbon Capture and Storage (CCS) chain by 2020-2050 on the French biggest industrial CO2 emitters (41 
emitters among 9 industrial sectors) that had been carried out as part of the SOCECO2 project 1. This 
analysis is based on the comparison of these CCS scenarios with reference scenarios without CCS at the 
same timeframe. Results detailed below focus on greenhouse gas (GHG) emissions and energy consumption, 
although NOx and SOx emissions balances have also been evaluated in the same project. Conclusions of this 
study provide information about the extent and main contributing factors of potential environmental 
outcomes (negative or positive) associated to CCS deployment. 
© 2010 Elsevier Ltd. All rights reserved 
Keywords : Carbon Capture and Storage, CCS, Environmental Assessment, Life Cycle Assessment, post combustion, 
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1. Introduction 
The Kyoto Protocol, which covers the period 2008-2012, is a first stage towards a global reduction of greenhouse gas 
(GHG) emissions. The signatory countries given in Annex-B of the Kyoto Protocol undertake to reduce their overall 
emissions over the period 2008-2012 by 5.2% compared to the 1990 level. The countries of the European Community 
of 15 collectively committed themselves to a reduction of 8%. Within this "European bubble", France has the objective 
of stabilizing its emissions. It is currently on track towards this objective. 
The role of CO2 Capture and Storage (CCS) in France falls within the context of halving international CO2 emissions 
by 2050 compared to their 1990 level. For the industrialized countries, the international target corresponds to dividing 
their emissions by 4 (often described by the term "factor 4"). In the longer term, France supports the European objective 
of a 20 % reduction in GHG emissions between now and 2020 and a division by 4 by 2050. Some measures have been 
taken with a view to this at both European and national level: European market for CO2 quotas, climate plans, POPE act 
(Orientation Program for French Energy Policy) etc. 
This paper presents a study carried out in the frame of SOCECO2 project aiming at defining possible CCS 
deployment scenarios for France in 2020-2050 and at assessing corresponding environmental outcomes. First, the 4 
elaborated scenarios are briefly described. Then, the methodology and corresponding results of the environmental 
assessment are presented. The analysis is here restricted to energy consumption and GHG emissions (CO2, CH4 and 
N2O) assessment although NOx and SOx emissions have also been evaluated for the SOCECO2 project.  
 
1
 SOCECO2 project, funded by the French National Research Agency, 2006-2009, involving the following partners: ALSTOM Power,    
APESA, BRGM, CNRS-CIRED, GDF Suez, IFP Energies nouvelles, INERIS, TOTAL. 
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2. Capture and Storage deployment scenarios for France in 2050 
The role of CCS in France falls within the context of halving international CO2 emissions by 2050 compared to their 
1990 level. For the industrialized countries, like France, the international target corresponds to dividing their emissions 
by 4 (the "factor 4") by 2050.  
Various French macro-economic forecasting exercises have attempted to identify possible changes in energy system 
and national CO2 emissions up to 2050 in terms of factor 4. In the "French Energy Prospects" study by the Conseil 
d'Analyses Stratégiques (CAS) [1], the factor 4 can only be achieved with CCS at a level of 60 MtCO2 sequestered per 
year in 2050. Without CCS, emission reduction would only reach a factor of 2.1 to 2.4.  
The annual threshold used in SOCECO2 project for major fixed sources of CO2 emissions is 0.9 Mt in 2005. This 
approach leads to select 41 main French emitters distributed over 9 industrial sectors producing 79.9 MtCO2. 
The CO2 emissions in 2020 and in 2050 are extrapolated from the emissions of the major emitters in 2005, allocating 
a sector-based growth rate and rates of change in their specific emissions. Only the electrical sector is dealt with in 
greater detail over the period 2005-2020 because of its central role in the implementation of CCS. The energy, 
steelmaking and refining sectors represent more than 80% of the total emissions of the major emitters over the whole of 
the 2005-2020-2050 period. The contribution of some sectors drops while that of others increases. 
Although in France electrical production is mainly of nuclear origin, the study shows that CO2 capture could be 
technically viable and plays a role in the national commitment to reduce CO2 emissions by 2050, on condition that the 
storage sites are validated.  
Four CCS implementation scenarios starting from 2020 are studied (Figure 1) and briefly presented above (see  [2] 
for more detailed information): 
• Scenario 1: implementing CCS over the period 2020-2050 on the major emitters in the Lorraine, Île-de-France, 
Nord-Pas-de-Calais and Haute-Normandie regions would make it possible to avoid 884 Mt of CO2. This 
scenario requires a storage capacity of 1,111 MtCO2, which matches the current estimated storage capacities in 
the Dogger aquifer and the Trias aquifer (Paris Basin).  
• Scenario 2: the capture implemented on the same major emitters in the northern France region would be 
connected to the Bunter gas reservoir and aquifer in the North Sea, whose total CO2 storage capacity is 
estimated at close to 1,122 Mt. If storage close to inhabited zones is not acceptable to people, storage currently 
identified in the North Sea could be considered. 
 
Neither Scenario 1 nor Scenario 2 makes it possible to achieve the avoidance target of 1,060 Mt of CO2 between 
2020-2050, which corresponds to the CCS share in achieving Factor 4 in France. In fact, with the three regions of 
northern France "only" 884 Mt of CO2 would be avoided.  
 
 
 
 
 
 
 
 
 
 
 


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Figure 1 – SOCECO2 CCS deployment scenarios 
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The existence and characterization of an aquifer in the Mediterranean that makes it possible to store all the emissions 
from the PACA (Provence Alpes Côte d'Azur) region over the period 2020-2050 would make a total contribution of 
1,450 Mt of CO2 avoided in France. This is the Scenario 3, of which there are two versions (a and b) depending on 
whether or not onshore storage is accepted: 
• Storage of the emissions from the PACA region in the Mediterranean and storage of the CO2 emissions from the 
Lorraine, Île-de-France, Nord-Pas-de-Calais and Haute-Normandie regions in Paris Basin aquifer (Scenario 3a), 
• Storage of the emissions from the PACA region in the Mediterranean and storage of the CO2 emissions from the 
Lorraine, Île-de-France, Nord-Pas-de-Calais and Haute-Normandie regions in the North Sea in the Bunter 
reservoir and aquifer (Scenario 3b).  
 
To achieve the Factor 4 objective, according to CAS the aquifer located in Mediterranean sea must have at least a 
capacity of 220 MtCO2, which corresponds to avoiding 180 MtCO2. Storing all the CO2 emissions of the PACA region 
requires a storage capacity of 704 MtCO2 between 2020 and 2050, making it possible to avoid 566 MtCO2.  
 
Generally speaking, it seems important to carry out a much more thorough characterisation of the saline aquifers so 
that both storage capacities and injection rates that have an effect on the storage costs can be better simulated.  
 
On the other hand, public acceptability of land-based CO2 storage will affect the CO2 system and therefore the 
infrastructure required to collect and transport the CO2 to the storage. Acceptability remains a deciding factor in 
selecting the option for large-scale implementation of CO2 capture, transport and storage.  
3. Methodology for the environmental assessment of SOCECO2 CCS scenarios for France 
The environmental assessment of the SOCECO2 CCS scenarios focuses on the CCS chain (Figure 1 and Figure 2); 
boundaries thus include the energy consumption and emissions associated with the capture (postcombustion 
technology), transport and storage of CO2 (as well as the stages involved in producing and transporting energy and 
material flows needed to implement these processes e.g. natural gas and solvent) and exclude impacts of upstream 
industrial activities (power, steel, cement production plants or energy and material supply of these plants for example). 
The construction of CCS infrastructure (e.g. pipes to transport CO2 and carbon storage facilities) and its "end of life" 
stage are also taken into account. The starting point is then fumes (flowrate and composition) of selected emitters. 
 
Each of the different proposed CCS scenarios for France is compared with reference scenarios without CCS; 
production of each emitter being the same in all compared scenarios for a given time horizon. More precisely, the 
analysis aims at assessing firstly the avoided CO2 emissions that would be achieved to be compared to national CO2 
emissions reduction objectives. Secondly, the analysis focuses on other potential impacts of CCS deployment at 
national scale: GHG emissions (including CO2, CH4 and N2O) and additive energy consumption. 
 
Calculations are performed following a two-stage procedure. First, direct impacts (red boundaries in diagrams) are 
assessed by using a CCS simulation tool developed by BRGM specifically for this project [3]. Then, these assessments 
are extended taking into account indirect impacts (blue boundaries in diagrams) thanks to data extracted from Life 
Cycle Analysis databases (IFP Energies nouvelles and ECOINVENT LCA databases) on energy and material supply 
chains (e.g. natural gas, solvent etc.). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 - Boundaries for the assessment of baseline scenarios without CCS 
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Figure 2 - Boundaries for the assessment of  SOCECO2 scenarios with CCS 
 
4. Results of the GHG emission and energy consumption assessments 
As a reminder, the perimeter of this analysis includes both direct energy consumption and emissions associated with 
the capture, transport and storage of CO2 as well as indirect impacts associated with stages involved in producing and 
transporting the energy and material flows needed to implement these processes (e.g. natural gas and solvent). The 
construction of infrastructure (e.g. pipes to transport CO2 and carbon storage facilities) and its "end of life" stage are 
also taken into account.  
4.1. Energy consumption 
The results bearing on the energy balances for scenarios based on CCS deployment in France (2020-2050) are 
presented in Figure 3. Given the boundaries of the systems considered (CCS chain only), the energy balance for the 
2020 and 2050 baseline scenarios (without CCS) is zero. The energy consumption evaluated here is the additional 
energy consumption arising as a result of the implementation of CCS technology. Depending on the scenario, the 
additional consumption varies from 4.3 to 7.5 Mtoe/yr (2020) and from 6.0 to 9.9 Mtoe/yr (2050). The lowest values are 
found for Scenario 2 (storage in North Sea aquifers) and the highest values for Scenario 3a (storage in Paris Basin 
aquifers with supplemental storage in the Mediterranean Sea). The increase in energy consumption between 2020 and 
2050, like that observed between Scenarios 1 and 2 and their respective variants 3a and 3b (including supplemental 
storage in the Mediterranean Sea), is due to the deployment of the CCS chain. Given the same scenario, the quantities of 
CO2 to be stored are larger in 2050 than in 2020 as a result of the overall growth in the activities equipped with CCS. 
When one compares the results of Scenarios 1 and 2 with their variants 3a and 3b for the same time frame, what 
changes is the number of emitting sites "with CCS" (emitters in the region of Provence-Alpes-Côte d'Azur are included 
in Scenarios 3a and 3b). It follows that the quantity of CO2 to be captured, transported and stored will vary as well. 
The proportion of non-renewable energy is predominant because it represents 93.6% to 96.0% of the energy balance, 
depending on the scenario. The proportion of renewable energy corresponds to the contribution made by renewable 
energies to the French electricity mix. 
 
In general, the consumption of energy associated with the stage of CO2 capture (including the compression of CO2 
prior to transport) accounts for 85% to 94% of the total energy balance for the scenarios postulating deployment of the 
CCS chain. The contributions made by the CO2 transport and storage stages are lower: although a great deal of energy is 
required to build the requisite infrastructure (pipelines, carbon storage facilities, platforms and so forth), this type of 
consumption is an isolated occurrence and can be amortized over the life span of the equipment. In the present instance, 
the contribution made by transport can be considered negligible, for it only represents 0.2% to 0.6% of the total. But 
this conclusion is not valid in all cases. If the CO2 has to be transported over a much longer distance (e.g. thousands of 
kilometers) by pipe or tanker, then the transport stage will represent a significant input in the energy balance. As for the 
contribution attributed to CO2 storage, it varies from 5.5% to 14.3%, depending on the scenario. This is the variable that 
differentiates the energy balances for the various scenarios. The energy consumption corresponding to the CO2 capture 
stage is the same for Scenarios 1 and 2 for the same time frame, provided that the same groups of emitting sites are 
equipped with CCS technology. The same holds true for Scenarios 3a and 3b. Since the contribution made by the CO2 
transport stage is negligible, the factor that distinguishes the various scenarios is the storage of CO2. It takes fewer 
facilities offshore than onshore to store an equal quantity of CO2 because the injectivity is better. That's why the energy 
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balances for scenarios involving offshore storage are slightly lower (Scenario 2 compared to Scenario 1, and Scenario 
3b compared to Scenario 3a). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 – Renewable and Non renewable energy consumption associated to SOCECO2 CCS deployment scenarios 
 
4.2. GHG emissions 
The results bearing on the whole greenhouse gas (GHG) emission balances (including both direct and indirect 
emissions) for the scenarios postulating CCS deployment in France (2020-2050) are presented in Figure 4. 
 
The 3 main greenhouse gases – carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) – are taken into 
account in these computations. CO2 represents 96% to 98% of the GHG balances (expressed in CO2 equivalent) 
corresponding to the scenarios "with CCS". As for the maximum contributions made by other GHGs, the respective 
figures for CH4 and N2O are 2.2% and 1.6%.  
 
As in the case of the energy balances, the contribution made by the capture of CO2 to the GHG balance for scenarios 
"with CCS" is much higher than for the other stages (CO2 storage and transport). In fact, it accounts for between 94% 
and 97% of the total GHG emission balance. The scenarios involving the application of capture technology to the same 
groups of emitters (Scenarios 1 and 2; Scenarios 3a and 3b) yield GHG emission balances that are virtually equal. For 
offshore storage scenarios, the results are marginally lower (the GHG balance obtained for Scenarios 2 and 3b is 
slightly lower than for Scenarios 1 and 3a), because the storage infrastructure is smaller (fewer storage facilities are 
needed offshore as a result of better injectivity). Finally, the GHG emission balances for Scenarios 3a and 3b are higher 
than those for Scenarios 1 and 2, because CCS is deployed in an additional region (Provence-Alpes-Côte d'Azur). 
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Figure 4 – GHG emissions corresponding to each CCS deployment scenario (both in 2020 & 2050) and GHG savings when compared to the 
respective baseline without CCS 
 
To compare the results obtained for GHG balances corresponding to scenarios "with CCS" with a reference situation 
"without CCS" and compute the GHG emissions gains due to CCS deployment in France, several reference scenarios 
can be defined: 
 
• First reference scenario "without CCS": Here, one considers the 41 biggest CO2 emitters identified in France 
(2005 emissions from the IREP base [4]), the growth rate of their respective activities and the emissions 
generated by said activities in 2020 and 2050. By comparing the balances for the scenarios "with CCS" with this 
first reference scenario, one can obtain the percentage reduction in GHG emissions for the same study 
perimeter (i.e. for all 41 of the biggest CO2 emitters in France), no matter which groups of emitters have been 
equipped with CCS. In Figure 4, these GHG gains – which may be interpreted as the "GHG performance" of 
each scenario "with CCS" – are shown in blue-green (figures circled in blue-green). 
• Second reference scenario "without CCS": In this instance, one only considers the groups of emitting sites 
equipped with CCS in the scenarios "with CCS" used to make the comparison. The GHG balances for Scenarios 
1 and 2 are compared to the GHG balances 2020 and 2050 for groups of emitting sites located in specific 
regions of France (Île-de-France/Haute-Normandie, Nord-Pas-de-Calais and Lorraine) (blue bar marked "3 
groups" in Figure 4). The GHG balances corresponding to Scenarios 3a and 3b are then compared to the GHG 
balance for the same 3 groups of emitters, to which the GHG emissions for emitting sites in Provence-Alpes-
Côte d'Azur have been added (violet bar in Figure 4 marked "4 groups"). These GHG gains may be interpreted 
as the "GHG efficiency" of the deployment of the CCS chain, because the study perimeter for each of the 
scenarios compared is identical (same groups of emitters are considered, with/without CCS). 
 
A comparison of the balances for the scenarios "with CCS" with the first reference scenario (blue-green bars in Figure 
4) shows a reduction in GHG emissions (2020) of about 31% for Scenarios 1 and 2 and 50% for Scenarios 3a and 3b. 
These numbers may seem relatively low, but it is important to remember that one is comparing the GHG balances for 
the 41 biggest emitters, with and without CCS; the balances shown in light blue in Figure 4 (scenarios "with CCS") 
include the GHG emissions for emitters "without CCS" (in the Pays de la Loire, Grand Sud Ouest, Centre and 
Provence-Alpes-Côte d'Azur regions for Scenarios 1 and 2), then compared with the reference values "without CCS" 
(blue-green bars indicating 82.9 MtCO2eq in 2020 and 107.4 MtCO2eq in 2050). The percentage reductions obtained for 
2050 are slightly lower: 28% and 47%, respectively. This is due to the increase in the contribution made by the regions 
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"without CCS" in the scenarios (Pays de la Loire, Grand Sud Ouest and Centre) to total GHG emissions, including those 
of the 41 biggest emitters. Moreover, this suggests that the "GHG efficiency" of Scenarios 3a and 3b is better than that 
of Scenarios 1 and 2, which makes sense because the CCS technology has been deployed in one additional region 
(Provence-Alpes-Côte d'Azur). The avoided GHG emissions come to about 26 Mt CO2eq for Scenarios 1 and 2 (2020) 
and 41.6 MtCO2eq for Scenarios 3a and 3b (2020). The values for 2050 are higher, reaching 30.4 MtCO2eq and 50.3 
MtCO2eq respectively, reflecting the use of CCS technology on a larger scale. If one only considers carbon dioxide 
(CO2), the avoided emissions amount to a maximum of 51.9 MtCO2 in 2050 (Scenario 3b), to be compared with the 
avoided emissions target of approximately 60 MtCO2 in 2050 corresponding to the contribution of CCS technology 
towards achieving Factor 4 in France, as noted in research by the Centre d'analyse stratégique (CAS) [1]. However, the 
methodology used for the present study differs significantly from the one used by the CAS, in particular in terms of 
assessment perimeter. Indeed, SOCECO2 scenarios include 41 biggest French industrial emitters selected on the basis 
of an emission threshold fixed at 0.9 Mt CO2 in 2005 (cf. subsection 2). This threshold is a major sensitive parameter in 
this study since bringing down this value will directly lead to consider more emitters and a larger deployment of the 
CCS chain in France (provided that the storage capacities are sufficient) which will result in larger amounts of CO2 
avoided emissions in 2050 than the 51.9 Mt  in the present study. Consequently, the national objective value for avoided 
emissions (2050) cited by the CAS cannot be directly compared to the evaluations results of  SOCECO2 project. This 
being said, this value is still consistent with the CO2 reductions obtained in the present evaluations of Scenarios 3a and 
3b, which include storage in the Mediterranean Sea of CO2 emissions generated by the group of emitters in Provence-
Alpes-Côte d'Azur.  
 
If one compares the GHG emission balances for the scenarios "with CCS" with the emissions that the same emitters 
would emit within the same time frame without the deployment of CCS technology (second reference scenario), it may 
be deduced that the efficiency of the CCS chain approximates 61% for Scenarios 1 and 2 (2020 and 2050), and 62% for 
Scenarios 3a and 3b (2020 and 2050). This gain in GHG emissions is lower than the average emissions capture 
efficiency, because it includes the GHG emissions corresponding to the total additional consumption of energy by the 
CCS chain, e.g. the energy needed to implement capture technology, produce the MEA solvent, compress the CO2 
before (and, if necessary, during) transport to the storage site, or build infrastructure.  
 
5. Conclusions and future work 
This study shows that any environmental performance audit conducted on a technology intended to reduce CO2 
emissions at one or more given industrial sites (e.g. CCS) should not be limited to an evaluation of the impact of the 
activities involved on the greenhouse effect. First of all, a non-negligible portion of impacts may be generated by 
upstream or downstream activities that are vital to site operation and take place off-site. Adopting a "life cycle analysis" 
approach to cover all activities related to the technologies considered is essential to ensure the relevance of results. It 
also appears that the implementation of CCS technology leads to a substantial reduction in GHG emissions and, to a 
lesser extent, SOx emissions, but the downside is a significant increase in energy consumption and NOx emissions2. 
These positive and negative effects must be compared, confronted and ranked according to the priority assigned to each 
effect to determine the advisability of using CCS technology given the objectives to be attained. R&D programs on the 
considered capture technology (post combustion) should also provide some solutions to tackle negative environmental 
consequences of CCS deployment. 
 
It would be useful to pursue this study further and in depth, specifically:  
• At minimum, by making a more exhaustive analysis of polluting emissions (i.e. including NH3 emissions). The 
ideal would be to make a full audit of all of the polluting emissions that are involved in making an assessment of all 
of the corresponding environmental impacts (e.g. eutrophication and acidification potentials). For those pollutants 
whose emission levels rise as a result of deploying CCS technology, it would be interesting to compare the levels 
attained with the national emission ceilings set by European directive (NECD).  
• By including other capture technologies (pre-combustion, oxyfuel combustion). The present study only takes 
postcombustion technologies into consideration. 
 
Several recent initiatives aim to evaluate the environmental performance of national CCS deployment strategies (in 
Germany [5] and the Netherlands [6]). These studies include an assessment of environmental impacts other than the 
intensification of the greenhouse effect and energy consumption, as well as other capture technologies. They could be 
used to build on the work done within the framework of the SOCECO2 project. These studies seem to confirm the 
importance of evaluating other impacts, especially those to which NOx and NH3 emissions contribute. 
 
2
 NOx and SOx emissions assessments are not presented in this paper but have been carried out in the same project. 
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